Stephania tetrandra S. Moore, as a novel antitumor agent, has been implicated in several types of cancers cells except gastric cancer. To investigate whether fangchinoline affects gastric cancer cells, we detected the signaling pathway by which fangchinoline plays a role in different human gastric cancer cells lines. We found that fangchinoline effectively suppressed proliferation and invasion of SGC7901 cell lines, but not MKN45 cell lines by inhibiting the expression of PI3K and its downstream pathway. All of the Akt/MMP2/MMP9 pathway, Akt/Bad pathway, and Akt/Gsk3β/CDK2 pathway could be inhibited by fangchinoline through inhibition of PI3K. Taken together, these results suggest that fangchinoline targets PI3K in tumor cells that express PI3K abundantly and inhibits the growth and invasive ability of the tumor cells.
Introduction
Gastric cancer is the second most common form of cancer in the world. Therapeutic surgical techniques are improving and some chemotherapeutic regimens are available, but the outcomes of patients with high grade gastric cancer are usually poor (1) .
Activation of PI3K generates second messenger PIP3. The colocalization of PIP3 with Akt and PDK1 invokes the phosphorylation of Akt Ser308 (2) . The PI3K/AKT signaling pathway is an important part of intracellular signal transduction, cell proliferation, differentiation, apoptosis and migration. The PI3K/AKT signaling pathway has been implicated in a variety of tumor growth and metastasis (3) . For example, oncogenic activation of PI3K/Akt molecules enhances cell proliferation by increasing Cyclin D1 levels (4) (5) (6) . It is well known that the aberrant expression of Cyclin D1 and CDK4 proteins is involved in the proliferation of CRC cells (7) .
Suppression of PI3K/Akt leads to the blockade of cell proliferation and demonstrates the importance of these signaling cascades in the control of both cell cycle progression and cell growth during cancer development (8) . Therefore, using the PI3K inhibitors in cancer therapy is considered to be a very promising solution to tumor treatment. Recent years have seen an explosion in the number of phosphoinositide 3-kinase (PI3K) pathway inhibitors under clinical investigation (9) .
Fangchinoline is the main chemical constituent of Stephania tetrandra S. Moore, which has been shown to possess a wide range of pharmacological activities (10) , including inhibition of histamine release and antihypertensive activities (11, 12) , antiinflammatory effects (13) (14) (15) , antiplatelet aggregation activities (16) , antihyperglycemic actions (17, 18) , neuroprotective effects (19) , and antioxidant and radical scavenging activities (20, 21) . Another pharmacological activity is a wide spectrum of antitumor activity in various cancer cells, the potent antitumor activity of tetrandrine has been extensively investigated with its proposed mechanism of inducing G 1 /S and G 2 /M arrest and stimulating apoptotic cell death (22) (23) (24) . However, there are not many reports of the antitumor activity of fangchinoline and its underlying mechanism. Experiments have showed that fangchinoline inhibits cell proliferation via Akt/Gsk3β/ Cyclin D1 signaling induces apoptosis in breast cancer cell lines and induces autophagic cell death via p53/sestrin2/AMPK signaling in human hepatocellular carcinoma cells (25) (26) (27) (28) . Here we report that fangchinoline effectively suppressed the proliferation and invasion of gastric cancer cells SGC7901 and BGC823 and promoted their early apoptosis. Importantly, we provide a novel mechanism that fangchinoline targets PI3K, which promotes tumor cell survival and invasion by suppressing the phosphorylation of Akt (Ser308). Our evidence suggests that fangchinoline is a potential anticancer drug as the natural inhibitor of PI3K.
Materials and methods
Cell culture. Human gastric cancer cell lines MKN45, SGC7901 and HEK293 cells (as the control) were cultured in DMEM (Invitrogen) supplemented with 10% fetal calf serum (Invitrogen) at 37˚C in incubator with humidified atmosphere of 5% CO 2 and 95% air.
MTT assays. Human cancer cells (1x10 4 /well) were plated in 0.1 ml of the medium containing 10% FBS in 96-well plates; 24 h later, the medium was removed and replaced with 0.1 ml medium containing the indicated concentrations of fangchinoline and incubated for 24, 36, 48 and 60 h. At the end of the incubation, the capability of cellular proliferation was measured by the modified tetrazolium salt-3-(4-5 dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT) assay. For this, 0.01 ml of MTT solution (5 mg/ml in PBS) was added to each well. After a 4-h incubation at 37˚C, medium was replaced by 0.15 ml DMSO. After 15-min incubation at 37˚C, the optical densities at 490 nm were measured using a Microplate Reader (Bio-Rad).
Cell-cycle analysis by flow cytometry. SGC7901 cells were incubated with the indicated concentrations of fangchinoline for 24 h. After incubation, cells were collected, washed with PBS and then suspended in a staining buffer (10 µg/ml propidium iodide, 0.5% Tween-20, 0.1% RNase in PBS). The cells were analyzed using a FACS Vantage flow cytometer with the CellQuest acquisition and analysis software program (BectonDickinson Co., San Jose, CA, USA). Gating was set to exclude cell debris, doublets and clumps.
Cell migration and invasion assay. Migration and invasion assays were performed using modified boyden chambers with polycarbonate nucleopore membrane. Precoated filters (6.5 mm in diameter, 8-µm pore size, Matrigel 100 µg/cm 2 ) were rehydrated with 100 µl medium. Then, 1x10 5 cells in 100 µl serum-free DMEM supplemented with 0.1% bovine serum albumin were placed in the upper part of each chamber, whereas the lower compartments were filled with 600 µl DMEM containing 10% serum. After incubation for 18 h at 37˚C, non-invaded cells were removed from the upper surface of the filter with a cotton swab, and the invaded cells on the lower surface of the filter were fixed, stained, photographed and counted under high-power magnification.
Cell apoptosis. Following Annexin V-V-FITC apoptosis detection kit instructions, the specific steps were: cells were washed twice with cold PBS, then re-suspended with binding buffer cells at a concentration of 1x10 6 cells/ml. Adding 5 µl of Annexin V-FITC and 10 µl of PI. Cells were incubated in the dark, at room temperature, for 15 min. Then, 400 µl binding buffer was added to each tube and the apoptosis rate was measured by flow cytometry within 1 h.
Hoechst 33258 staining. SGC7901 cells were incubated with the indicated concentrations of fangchinoline for 24 h. After incubation, cells were fixed with 4% polyoxymethylene, then washed twice with PBS, incubated with 10 µg/ml Hoechst 33258 for 5 min at room temperature, then washed with PBS 3 times. Cells were observed with fluorescence microscope.
Mitochondrial membrane potential. Cells (1x10 5 ) were cultured in 6-well plates for the assay, then collected, centrifuged and re-suspended in 0.5 ml DMEM medium. The cells were washed twice in staining buffer and then incubated in 0.5 ml JC-1 staining buffer, at room temperature, in the dark. Flow cytometry was used to determine the fluorescence intensity of the red/green ratio semi-quantitatively.
Reverse transcription and quantitative real-time PCR.
Total cellular RNA from DMSO and fangchinoline treated SGC7901 cells were extracted after 24 h using TRIzol (Invitrogen) according to the manufacturer's protocol. One microgram of total RNA was reverse transcribed to cDNA in a total volume of 20 µl system using a RT reaction kit (Promega). Real-time PCR was performed using an Mx 3000P real-time PCR system (Applied Biosystems) according to the manufacturer's instructions and SYBR Premix Ex Taq (Takara) as a DNA-specific fluorescent dye. PCR was carried out for 50 cycles of 95˚C for 10 sec and 60˚C for 30 sec. Primer sequences for detection of mRNA expression were synthesized (Table I ). All the reactions were repeated at least three times. Gene expression levels were calculated relative to the housekeeping β-actin by using Stratagene Mx 3000P software.
Western blot analyses.
To determine the expression of protein, whole cell extracts (lysate) were prepared from 1x10 6 cells in lysis buffer (20 mM Tris pH 7.4, 250 mM sodium chloride, 0.1% Triton-X-100, 2 mM EDTA, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 0.5 mM phenylmethylsulfonyl fluoride, 4 mM sodium orthovanadate and 1 mM DTT), and 60 µg of the protein was resolved on 10% SDS-polyacrylamide gels. After Table I . Primer sequences for detection of mRNA expression.
Name
Forward primer (5'→3') Reverse primer (5'→3')   Gsk3β  GTATGGTCTGCTGGCTGTGT  GGGTCGGAAGACCTTAGTCC  CDK2  GCCATTCTCATCGGGTCCTC  ATTTGCAGCCCAGGAGGATT  Caspase-9  GGTGACCCCAGAATTGACCC  TCGACAACTTTGCTGCTTGC  Caspase-3  TGTGAGGCGGTTGTAGAAGTT  GCTGCATCGACATCTGTACC  Bcl-2  GGTGAACTGGGGGAGGATTG  GGCAGGCATGTTGACTTCAC  Bax  AGCTGAGCGAGTGTCTCAAG  GTCCAATGTCCAGCCCATGA  MMP2  CGCATCTGGGGCTTTAAACAT  TCAGCACAAACAGGTTGCAG  MMP9 CGACGTCTTCCAGTACCGAG TTGTATCCGGCAAACTGGCT β-actin TCGTGCGTGACATTAAGGAG ATGCCAGGGTACATGGTGGT electrophoresis, the proteins were eletrotransferred to nitrocellulose filters, the membrane (Amersham) was blocked with 5% non-fat dry milk in TBS-T (20 mM Tris, pH 7.6, 137 mM NaCl, 0.05% Tween-20) for 1 h at room temperature, and the proteins were probed with specific antibodies-Gsk3β, CDK2, MMP2, MMP9 (Bioworld), Akt, phospho-Akt (Ser308) (Santa Cruz), caspase-3, caspase-9, Bax and Bcl-2 (Neomarker).
To assure equal loading, gels were stripped and reprobed with antibodies against GAPDH (Kangchen Bio-tech Inc., Shanghai, China). All PVDF membranes were detected by chemiluminescence (ECL, Pierce Technology).
Results
Fangchinoline inhibits the the expression of PI3K. MKN45, SGC7901 and HEK293 cells were used to detect the inhibitory effect of fangchinoline on growth of these cells. As shown in MTT assay, fangchinoline treatment inhibited the proliferation of SGC7901 cells in a concentration-dependent manner but have little effect on other cells (Fig. 1B) . Since proteins regulating signaling through the phosphatidylinositol 3-kinase (PI3K)/ Akt pathway is frequently altered in human cancer, including gastric cancer (29), the expression level of PI3K in gastric cancer cell lines was examined. Interestingly, the protein and mRNA levels of PI3K were dramatically higher in SGC7901 cells than that in MKN45 cells and HEK-293 cells (Fig. 1C and D) indicating PI3K might be targeted by fangchinoline and be involved in fangchinoline-induced growth inhibition of gastric cancer cells. Furthermore, we examined whether fangchinoline inhibited the PI3K in SGC7901 cells, and found that Fangchinoline at 20 µmol/l markedly inhibited the level of PI3K (Fig. 1E and F) .
Fangchinoline inhibits the proliferation of SGC7901 by inhibiting PI3K/Akt pathway. To further investigate the mechanisms of fangchinoline inhibition of growth of gastric cancer, the SGC7901 cells were exposed to various concentrations of fangchinoline for 24 h, and then cell cycle analysis was performed. Fangchinoline prominently induced a dose-dependent increase in the percentage of cells in G 1 phase and decrease in S phase compared with the control (Fig. 2A) , indicating that fangchinoline arrested SGC7901 cells at the G 1 phase of the , Akt, and PI3K were detected by western blot analysis. cell cycle. Since Gsk3β and CDK2 are key regulators in the G 1 phase of the cell cycle, we examined the indicated regulator expression level in fangchinoline-treated cells. Western blot analysis showed that exposure of SGC7901 to 10/20/30 µmol/l fangchinoline for 48 h dramatically decreased protein expression of Gsk3β and CDK2 (Fig. 2B) , indicating fangchinoline arrests cells at G 1 phase and then suppresses cell growth via downregulated Gsk3β and CDK2. Furthermore, real-time RT-PCR showed that expression of Gsk3β and CDK2 in SGC7901 was downregulated at mRNA level after exposure to fangchinoline (Fig. 2C) . Western blot analysis showed that Akt p-Ser308 was downregulated in a dose-dependent manner without affecting its total expression (Fig. 2D) .
Fangchinoline induces apoptosis of SGC7901 by inhibiting the PI3K/Akt pathway. To evaluate whether fangchinoline induces apoptosis of SGC7901 cells, we detected the apoptosis rate by Hoechst 33258 staining and AV-PI. Hoechst 33258 staining was performed to observe the fangchinoline-induced apoptotic nucleus of SGC7901 cells. Condensed chromatin was observed in fangchinoline-treated SGC7901 cells (Fig. 3A) . By Annexin V-FITC staining, the fangchinolineinduced SGC7901 cell apoptosis was increased compared to that of the control cells (Fig. 3B) . The loss of mitochondrial membrane potential (ΔΨm) is regarded as one of the early events in the apoptotic pathway, which can trigger the release of cytochrome c and other apoptosis related molecules after induction by various stimuli. To detect the change of the mitochondrial membrane potential, JC-1 was used to stain the cells and then analyzed them through flow cytometry. Results showed that the number of cells with loss of ΔΨm increased after treatment with fangchinoline (Fig. 3C) . Then real-time RT-PCR showed that expression of caspase-3, caspase-9 and Bax in SGC7901 were upregulated at mRNA level and Bcl-2 was downregulated at mRNA level after exposure to fangchinoline (Fig. 3D) . Furthermore the expression of apoptosis regulators was examined by western blot analysis. The expression of Bcl-2 and PI3K was obviously decreased and the levels of caspase-3, caspase-9 and Bax were increased in fangchinoline treated SGC7901 cells, and Akt p-Ser308 was dramatically downregulated without changing the expression of Akt (Fig. 3E) .
Fangchinoline represses the migratory and invasive potential of SGC7901 by inhibiting the PI3K/Akt pathway. Inhibitory effect of fangchinoline on migration and invasion of MKN45 and SGC7901 cells were analyzed by Τranswell assay (with or without Μatrigel). Results showed that fangchinoline significantly decreased invasion and migration potential of gastric cancer SGC7901 cells (Fig. 4A and B) in a dose-dependent manner, but weakly decreased invasion and migration potential of MKN45 cells (Fig. 4C and D) . Real-time RT-PCR showed that expression of MMP2 and MMP9 in SGC7901 was downregulated at mRNA level after exposure to fangchinoline (Fig. 4E) . Western blot analysis showed that exposure of SGC7901 to fangchinoline (10/20/30 µmol/l) for 48 h dramatically decreased levels of MMP2, MMP9, PI3K and Akt p-Ser308 but had little effect on Akt (Fig. 4F) . These results indicated that fangchinoline effectively suppressed proliferation and invasion of SGC7901 by inhibiting the PI3K/Akt pathway (Fig. 5) .
Discussion
Fangchinoline inhibits cell proliferation and induces apoptosis as an antitumor agent in several cancer cell lines, such as MDA-MB-231 and HepG2 cells (25) (26) (27) (28) . However, the effects of fangchinoline on gastric cancer cells have not been previously reported. Our data show fangchinoline treatment inhibited the proliferation, migration, and invasion of SGC7901 cells in a concentration-dependent manner but had little effect on MKN45 cell lines or the control cell line HEK293. In elucidating the mechanism, we found high expression of PI3K in SGC7901 cell lines but only slight expression in MKN45 cells and the control HEK293 cells. Interestingly, we found fangchinoline could suppress the PI3K in SGC7901 cells, which implies that fangchinoline targets PI3K in tumor cells that highly express PI3K and inhibits their proliferation, migration, and invasion.
PI3K is considered as a key regulator in cancer cell signaling. It has been reported that the inhibition of PI3K is important in tumor treatment. LY294002 can effectively change the microvascular permeability, reducing fluid pressure in the tumor stroma (30) . PI-103 can not only inhibit PI3K, but it also inhibits mTOR and DNA-dependent protein kinase, a feature that has been used in a variety of in vivo efficacy models, and can even have a certain effect on glioblastomas (31) . In some joint drug tests, ATP-competitive inhibition of PI3K showed good tolerability and higher activity, which can improve the efficacy of other anticancer drugs (32) . In our study, PI3K level was markedly decreased at 20 µmol/l concentration of fangchinoline in SGC7901. Taken together, these results indicated fangchinoline acted as a novel inhibitor of PI3K and suppressed SGC7901 cell line proliferation via PI3K.
It has been recognized that control of cell cycle progression in cancer cells is an effective strategy to inhibit tumor growth (33, 34) . The phosphoinositide 3-kinase (PI3K)/Akt is a fundamental signaling pathway that mediates several cellular processes, including cell proliferation, growth, survival, and motility (35) . Our data showed that fangchinoline arrested SGC7901 cells during the G 1 phase by decreasing the protein levels of Gsk3β, CDK2, which act as key regulators of the G 1 -S check-point. We also found that fangchinoline promotes SGC7901 apoptosis by decreasing Bcl-2 level and increasing caspase-3, caspase-9 expression. At the same time, Gsk3β and caspase-3 are the downstream proteins of PI3K/Akt pathway (36-38). All of these observations are consistent with the finding that fangchinoline SGC7901 growth adjustment occurs in the PI3K/Akt pathways.
In addition to the effect on cell proliferation, we demonstrated inhibition of fangchinoline on migration and invasion of gastric cancer cells. One of the key steps in cancer invasion and metastasis is the degradation of the extracellular matrix. MMP2 has been demonstrated to play important roles in this process (39, 40) . Matrix metalloproteinases (MMPs) can affect tumor invasion and metastasis through the PI3K/Akt pathway by inducing the expression of MMP2, which plays an important role in tumor cell migration (41) . Our results showed that fangchinoline significantly suppressed the migratory and invasive ability of SGC7901 in parallel with downregulation of MMP9 and MMP2. Therefore, it is reasonable to speculate that fangchinoline inhibits cell invasion and metastasis by the PI3K/Akt/MMP2/MMP9 pathway.
In conclusion, fangchinoline was identified as capable of inhibiting PI3K and its downstream signaling pathways and suppressing PI3K-mediated SGC7901 behavior including growth, migration, and invasion. Further testing in experimental models in vivo is warranted. The results presented in our current study add to the scope of the exploration and application of PI3K inhibitors and may offer a novel therapeutic strategy for advanced metastatic gastric cancer.
